The Drosophila wing provides an appropriate model ported. So we attempted to visualize Dsh in the developing wing by using our antibodies. The antibodies desystem for studying genetic programming of planar cell polarity (PCP) [1-4]. Each wing cell respects the tected endogenous Dsh both in Western blots ( Figure 1a ) and when used immunohistochemically, as shown by the proximodistal (PD) axis; i.e., it localizes an assembly of actin bundles to its distalmost vertex fact that immunofluorescence signals were lost in dsh null cells (Figure 2t ,u). Figure 2q-s) ; curiously, Dsh distribution appeared to be more restricted
asymmetrical Dsh distribution appeared to persist, and patchy signals were found at distal cell vertexes and in Wnt (Wingless) pathway, and dsh 1 is a missense mutation that impairs the former [12] [13] [14] . We monitored the subcel- detected at cell boundaries ( Figure 4a ). These findings suggest that the association of Dsh with cell boundaries is a prerequisite for its role in PCP signaling. Because Dsh functions just downstream of Fz, we expected that Fz might be necessary for the Dsh localization at cell
Results and discussion
Although antibodies to Dsh were previously made [10] , boundaries. In fact, boundary association of Dsh was almost lost in larval wing discs or pupal wings of fz null Dsh localization during PCP signaling has not been re- ectopic Dsh and Fmi accumulation at A/P cell boundaries, instead of P/D ones, prefigures prehair outgrowth in the anterior or posterior direction (Figure 3b,c) [5] . A tight coupling of Dsh and Fmi mislocalization with altered polarity was also seen in areas distal to fz R52 clones (blue arrowheads in Figure 3a and [5] , see details in the legend). All of our results are consistent with the ideas that (1) an imbalance of Fz activity at boundaries is necessary and sufficient to localize Dsh and Fmi there, and (2) in the wild type, distributions of the two proteins at the P/D boundaries direct the cell to choose the distal edge for prehair development. Nevertheless, to rigorously demonstrate that the distributions of Dsh and Fmi play instructive roles in polarizing cells, one would need to design each molecule to mislocalize at A/P boundaries and then investigate how cells are reoriented. To investigate how colocalization of Dsh and Fmi at the reported gel mobility of Dsh [10] . These bands comigrated with P/D boundaries is controlled, we studied the subcellular Fmi distribution is nonpolar in dsh 1 [5] , and we confirmed (amino acids 481-624) and used for blotting. Dsh was is shown to be missing at cell boundaries inside the clones immunoprecipitated with rabbit antibodies and treated with potato acid phosphatase as described previously [10] .
and at clone borders [5] , and we hardly detected Dsh at those boundaries. At boundaries outside the clones, Dsh always coexisted with Fmi. Our results support a reciprocal dependence between Dsh and Fmi for subcellular mutants (Figure 2c and data not shown) and inside fz localization until prehair formation and may imply a comclones (Figure 3a ). This observation is consistent with a plex formation. Under our experimental immunoprecipicapability of Fz in a heterologous system in which Fz tation conditions, however, we could not provide evidence recruits Dsh from cytoplasmic vesicles to cell boundaries for a physical association between Dsh and Fmi. [13] .
Previously, we studied Fmi localization under various geAlthough it has been shown that Dsh is phosphorylated in response to Wingless in a cell culture system and in netic conditions of fz that altered polarity [5, 15] . We examined Dsh under the same genetic conditions and the embryo [10] , posttranslational modification of Dsh has not been studied in the context of PCP signaling. found that Dsh, like Fmi, was redistributed to cell boundaries where there was an imbalance of Fz activity. One
Western blot analysis showed that a fraction of Dsh molecules in pupae was hyperphosphorylated (bracket in Figexample was seen along borders of clones of cells homozygous for fz R52 , a strong fz allele ( [21] ; Figure 3a) . Another ure 1b) and that those forms were hardly detectable in fz or fmi mutants (Figure 1b) . Thus, the absence of the example was shown in an experiment of graded fz expression (Figure 3b,c) . A fz gradient expression along the hyperphosphorylated forms correlates with the loss of Dsh at cell boundaries and suggests that the hyperphosphoryanterior-posterior axis of the wing reorients hairs from high to low levels of fz expression [16] . In these wings, lation is either required for, or is a downstream readout [21] (designated as fz 23 in FlyBase), were generated; wings were fixed at 30 hr APF and stained for a marker (red) to detect the fz clones (cells without marker staining) as previously described [5, 16] 
and for Dsh (green). Dsh signals were detected at most interfaces between fz mutant cells (yellow dots) and wild-type cells (fz

R52
/ϩ or ϩ/ϩ); in contrast, Dsh appeared to be lost at contact sites between the fz mutant cells. In an area distal to, but not proximal to, the clone, many Dsh zigzags ran obliquely, (a string of blue arrowheads) rather than orthogonally, to the P/D axis. Thus, fz R52 exerts a directional nonautonomous effect on Dsh distribution, Fmi localization [5] , and hair polarity [21] . (b,c) A gradient of fz expression was made along the A/P axis [5, 16] , and an orientation of the downhill is indicated by a white arrow. This 32 hr APF wing was stained for (b) Dsh and (c) Fmi. Wing hairs are reoriented from high to low levels of Fz (arrowhead) [5, 16] . Note the ectopical accumulation of Dsh and Fmi at A/P cell boundaries (yellow arrow). Scale bars represent 5 m.
of, the cell boundary localization as previously reported [17] . Besides reduction in the level of the hyperphosphorylated forms, the overall amount of Dsh also appeared to decrease in fz or fmi mutants; an exception may be the sented an unphosphorylated or poorly phosphorylated
High-power images of areas in the wing pouch are shown, and the form (arrow in Figure 1b) . had expected that one could answer this question by tracing Dsh signals in wild-type cells contacting proximal and distal borders of dsh mutant clones; what underlies this approach is the fact that dsh controls PCP in a cellautonomous fashion [12, 18] . Given that Dsh is localized only at the distal cell edge and that dsh mutant cells do not affect Dsh localization in wild-type neighbors, we could have detected Dsh signals at interfaces between wild-type and mutant cells only along proximal borders of the clones. Unexpectedly, Dsh was not always localized at those cell boundaries along proximal borders; furthermore, 50% of wild-type cells in direct contact with proximal borders mispositioned Dsh at anterior/posterior boundaries (arrow in Figure 2u ). Therefore, dsh mutations appeared to exert a one-cell nonautonomous effect on Dsh distribution, and our attempt did not allow a conclusion about unipolar versus bilateral localization of Dsh. This one-cell nonautonomy could be due to misplaced Fz and Fmi molecules in dsh mutant cells ( [9] , this study), which might send an illegitimate message to wild-type neighbors. In any case, the local assembly of a tripartite signaling complex of Fz, Dsh, and Fmi in the cell most likely amplifies Fz signaling only at the distal cell vertex
Reciprocal dependence between Dsh and Fmi for subcellular and induces cytoskeletal reorganization [5, 9] . It should be noted that in larval wing discs and early associated with cell boundaries, and this association is dependent on Fz. Functional relevance of the cell boundary localization of Dsh has been suggested in vertebrate embryos [19] , in which Dsh controls cell polarization in Where is Fz localized within the cell? It has been shown convergent extension movements [19, 20] . A fusion prorecently that the ubiquitous expression of Fz-GFP rescues tein of a Xenopus Dsh homolog and GFP (Xdsh-GFP) is a fz polarity defect and that Fz-GFP colocalizes with Fmi associated with boundaries in cells undergoing morphoge- [9] , which findings strongly suggest that endogenous Fz netic movement, but this protein remains in the cytoplasm assembles with Dsh and Fmi at the P/D boundary. Furof cells that are not undergoing such movement [19] . It thermore, Fz-GFP distribution is regulated by Dsh and would be interesting to examine whether the boundary Fmi [9] . Therefore, in the sense of subcellular localization, association of Xdsh-GFP or endogenous Xdsh, as well as there seems to exist an interdependence between any distributions of Xenopus homologs of Fz and Fmi, are two of Fz, Dsh, and Fmi [5, 9] . This triangular relationship biased toward the direction of the cell movement. can be summarized as follows: (1) In the absence of Fz or Fmi function, the intracellular protein Dsh cannot be Note added in proof attached to cell boundaries; (2) without Dsh function,
The following paper is now in press in Genes & Develboundary distributions of Fz and Fmi no longer become opment: asymmetric along the P/D axis; and (3) Fz localization at Axelrod AJ: Unipolar membrane association of Dishevcell boundaries is abolished by a loss of Fmi.
elled mediates Frizzled planar cell polarity signaling.
Our previous data strongly suggest bilateral distribution
